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Abstract 
In this contribution we focus on the on-line analysis of neuronal cells embedded in gel matrices by means of variations in their 
dielectric and conductive properties. For impedance measurement of thin gel films in flow-through regime a novel impedimetric 
biosensor was developed. A technique for the preparation of gels containing Neuro-2a neuroblastoma cells (N2a) in between the 
measurement electrodes was set up. Impedance spectra of gels with N2a cells were analyzed and cell viability was tested. 
Experimental results showed that even at frequencies (>>1 MHz) and a gel concentration of 2 % with ~8300 cells/μL conductive 
properties dominate the spectrum. 
 
Keywords: Impedimetric biosensor; Gel embedded neuronal cells; Electrical impedance spectroscopy; On-line monitoring 
1. Motivation and objectives 
Neuronal cells embedded in gel matrices are an interesting cellular model for the analysis of e.g. neuronal 
differentiation, drug testing and the effect of certain neurotransmitter. With regard to tissue gel matrices enable a 
three-dimensional structure in a cell culture to preserve cell ‘physiological’ functions. Insofar this model represents 
an intermediate between tissue and conventional two-dimensional cell cultures. Recently the bioelectric recognition 
assay (BERA) method1 was applied for on-line monitoring the response of gel embedded neurons in gel matrices by 
means of changes in their electrical potential. Unfortunately only cells in direct contact to the measurement 
electrode directly contribute to the sensor signal. In conventional two-dimensional cell cultures electrical impedance 
spectroscopy technique was applied for non-invasive monitoring2 e.g. of cell motility, proliferation and wound 
healing assays. Furthermore it was used for drug testing by means of three dimensional multicellular spheroids in a 
microcavity chip3. In this contribution electrical impedance spectroscopy in the MHz-range4 was applied for the on-
line analysis of gel embedded neuronal cells by means of changes in dielectric and conductive properties. A low 
single-phase alternating current flows through a thin gel with immobilized neuronal cells. Compared to the 
frequency spectrum of neuronal action potential changes in the range of ~kHz current alterations during impedance 
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measurement are several orders of magnitude faster ~MHz. In following paragraphs the design of a novel 
impedimetric biosensor, the gel film preparation technique combined with cell viability tests before and after 
impedance measurement are focused. The impedimetric biosensor was applied for the on-line analysis of Neuro-2a 
neuroblastoma cells5 (N2a cells) immobilized in bactoagar matrices. 
2. Impedimetric biosensor and gel matrix embedded cells 
For the electrical impedance spectroscopy of gel matrix embedded neuronal cells in flow-through regime a novel 
impedimetric sensor with porous reference/ground electrode and a miniaturized bioreactor were developed. A 
technique for the immobilization of N2a cells in bactoagar on top of the impedimetric sensor was set up. 
2.1. Impedimetric sensor and miniaturized bioreactor 
Fig. 1a shows the three-dimensional model of the bioreactor made of stainless steel containing a single 
impedimetric biosensor. The latter consists of a cylindrical measurement electrode (∅ 6 mm) pressed in a PTFE-
cylinder, the gel film (thickness ~600 µm) and a porous reference electrode made of stainless steel on top (thickness 
~200 µm). As shown in Fig. 1b, medium flows in parallel to the reference electrode, while several small holes 
(∅ 0.8 mm) enable the exchange of species between gel and liquid phase due to diffusion. This approach is to 
ensure a well defined nutrient/stimulus supply and removal of metabolic waste products. Furthermore the porous 
electrode connected to the grounded bioreactor is to electrically shield the gel film from the liquid phase, thus only 
the gel directly contributes to the sensor signal. The electrical impedance Z(f) is measured between the cylindrical 
ground and measurement electrode as illustrated in Fig. 1b. 
 
 (a) 
 (b) 
Fig. 1. (a) Explosion view of the miniaturized bioreactor with impedimetric sensor for the on-line electrical impedance analysis of gel embedded 
neurons in a frequency range up to 110 MHz; (b) cross section of the device. 
As a simple model the gel film can be treated as a lumped circuit of in series and parallel connected finite 
volumes with bare gel and gel interfacing cells. The bioreactor was connected to an external flow injection system 
based on conventional HPLC equipment and a syringe pump for continuous medium supply. The impedance up to 
110 MHz was measured using a miniaturized impedance analyzer4, respectively a network analyzer (Agilent 4395a). 
2.2. Preparation of gel films 
N2a cells were cultivated in conventional cell culture flasks according to well established protocols. Low melting 
point bactoagar at a concentration of ~1 to 2 % was sterilized and preserved in liquid state at ~40 ºC. Cells were 
harvested, washed and suspended in Dulbeco Modified Eagle’s Medium (DMEM) (1E5 to 1E6 cells in 20 μL) 
containing 10 % fetal bovine serum. Subsequently the aliquot was mixed with 100 µL liquid bactoagar at 37 °C in a 
vial placed in a block heater. Afterwards 100 μL of the cell-gel mixture was dispensed onto the measurement 
electrode of the impedimetric sensor as shown in Fig. 2a. Then the ground electrode was pressed onto the PTFE 
cylinder, Fig. 2b. After solidification, approx. after 5 min, the excess of gel was removed from the surface with a 
scalpel or glass slide, Fig. 2c. Fig. 2d shows a fabricated gel film after removal of the reference electrode. 
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 (a)  (b)  (c)  (d) 
Fig. 2. Steps of gel film preparation for the impedimetric sensor: (a) dispensing liquid gel containing cells on the measurement electrode; (b) 
placing the ground electrode; (c) removal of the gel excess with a glass slide; (d) solidified gel film after removal of the ground electrode. 
This procedure ensures the preparation of gel films with well defined thickness, respectively diameter, without 
cracks and enclosed gas bubbles. The excess of gel on top of the electrodes ensures that during solidification both 
electrodes remain in direct contact to both metal electrodes. After gel film preparation sensors were placed in a 24-
well plate with 1 mL (DMEM) in each well and stored in an incubator at 37 ºC with 5 % CO2 for at least 24 h. In 
this time period N2a cells, respectively diffusion processes into the gel were expected to be equilibrated. Directly 
after gel film preparation as well as after storage in the well plate cell viability was tested based on a modified MTT 
assay. Viability tests proved that N2a cells can be cultivated in the sensor several days without a critical increase in 
dead cells. It can be concluded that the mass transfer through the holes is adequate. 
3. Impedance analysis of gel embedded N2a cells 
For the electrical impedance analysis impedimetric sensors were transferred from the well plate into the 
miniaturized bioreactor. Subsequently the bioreactor was filled and DMEM was dispensed continuously at a rate of 
1 mL/h for several hours into the device and impedance spectra acquisition was started at a rate of 2 spectra/min. 
Several sensors were consecutively analyzed. All measurements were done at 37 °C. Fig. 3a shows non-
differentiated N2a cells in bactoagar directly after preparation of the gel film, the ground electrode was removed. 
Fig. 3b represents the raw electrical impedance spectrum of a gel film with ~8300 cells/µL and a bactoagar 
concentration of 2 % without compensating parasitic elements, e.g. the inductance of conductors. 
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Fig. 3. (a) Non-differentiated N2a cells directly after immobilization in a bactoagar gel; (b) electrical impedance spectrum (real and imaginary 
part) of approx. 8300 cells/μL in 2 % bactoagar) when DMEM is continuously dispensed into the miniaturized bioreactor. 
When comparing the real and imaginary part of the impedance spectrum, it can be concluded that even in the 
high frequency range and a gel concentration of 2 % the ionic conductivity dominates the overall sensor response. 
At higher frequencies >>10 MHz the reactance is dominated by a parasitic inductance. Fig. 4. shows the real and 
imaginary party of the impedance over time at three selected frequencies. After thermal equilibration the signal 
exhibits a stable base line over several hours with a noise amplitude <50 mΩ. No significant alterations in ionic 
conductivity due to metabolic processes as well as mass exchange between liquid and gel phase could be observed. 
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When exchanging the liquid in the chamber as shown in Fig. 1b for air, no changes in the impedance spectrum 
could be measured in a time frame of several tens of minutes. Thus the reference electrode properly shields the gel 
from the chamber in the bioreactor. After each measurement impedimetric sensors were taken out of the bioreactor, 
cell viability was tested and the grade of cellular differentiation was visually characterized. Cell viability remained 
almost constant, while no neuronal differentiation could be observed in a time frame of several hours after starting 
data acquisition. Insofar no loss in cell viability due to AC-current flow in the MHz range arose. 
4. Summary and conclusion 
A novel impedimetric biosensor for electrical impedance spectroscopy in the MHz-range of gel embedded 
neuronal cells in flow-through regime was presented. A novel immobilization technique enables the fabrication of 
well defined gel films with N2a cells for impedance analysis. The porous reference electrode ensures sufficient mass 
transfer between gel and liquid and electrically decouples the gel from the liquid in the chamber. Gel embedded N2a 
cells survive several days in the impedimetric biosensor without a critical increase in the number of dead cells. The 
electrical field penetrates through the complete three-dimensional matrix of neurons in the gel, thus all cells 
contribute to the integral sensor response. Electrical impedance analysis revealed that even at a gel concentration of 
2 % with non-differentiated N2a cells a comparable high ionic conductivity dominates the impedance spectrum. In a 
nutshell, the device enables precise analysis of dielectric and conductive properties of gel embedded neuronal cells. 
Acknowledgements 
This work was founded by the EU Marie Curie Research Training Network “On-chip cell handling and analysis”, 
reference: MRTN-CT-2006-035854. 
References 
1. Kintzios S, Marinopoulou I, Moschopoulou G, Mangana O, Nomikou K, Endoc K, et al. Development of a novel, multi-analyte biosensor 
system for assaying cell division: Identification of cell proliferation/death precursor events. Biosensors & Bioelectronics 2006; 21:1365-
1373. 
2. Wegener J, Keese CR, Giaever I. Electric Cell-Substrate Impedence Sensing (ECIS) as a Noninvasive Means to Monitor the Kenetics of Cell 
Spreading to Artificial Surfaces", Experimental Cell Research 2000; 259:158-166. 
3. Kloß D, Fischer M, Rothermel A, Simonc JC, Robitzki AA. Drug testing on 3D in vitro tissues trapped on a microcavity chip. Lab on a Chip 
2008; 8:879-884. 
4. Doerner S, Schneider T, Hauptmann P. Wideband impedance spectrum analyzer for process automation applications. Review of Scientific 
Instruments 2007; 78:105101:1-9. 
5. Klebe RJ, Ruddle FH. Neuroblastoma: cell culture analysis of a differentiating stem cell system. Journal of Cell Biology 1969; 43:69a. 
0 10 20 30 40 50 60
13.0
14.0
15.0
16.0
17.0
18.0  10 MHz
 60 MHz
 110 MHz
T = 37°C
2 spec./min
0 dBm
noise < 0.05 Ω
R
 (Ω
)
t (min)  (a) 
0 10 20 30 40 50 60
0.0
4.0
8.0
12.0
16.0  10 MHz
 60 MHz
 110 MHz
T = 37°C
2 spec./min
0 dBm
noise < 0.05 Ω 
X
 (Ω
)
t (min)  (b) 
Fig. 4. Stability and noise of the electrical impedance, when DMEM is continuously flowing along the surface of the impedimetric sensor 
containing gel embedded N2a cells: (a) real part R; (b) imaginary part X. 
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